Introduction mote electrical uncoupling, and generate spontaneous electrical activity [1-4]. Sudden cardiac death occurs with unacceptably high
In this review, we focus on the specific role of diincidence in patients with ischemic heart disease and minished intercellular electrical coupling in the pathocardiomyopathy. As Zipes and Wellens [1] have emphagenesis of lethal arrhythmias induced by acute ischemia. sized, sudden death arises from highly variable interactions Until recently, it has been difficult to isolate the contribubetween anatomic and / or functional myocardial substrates, tion of diminished coupling per se to arrhythmogenesis in transient initiating events and cellular / tissue arrhythmia the complex setting of acute ischemia. However, the mechanisms. In our view, a key strategy for developing advent of techniques to manipulate gene expression and mechanistic insights into sudden death is to first define the characterize cardiac electrophysiology in mice has prorole of individual factors (including specific gene products) vided a way to isolate and define the role of specific gene that contribute to arrhythmias, and to then understand how products in the pathogenesis of complex disease processes these factors interact to cause sudden death.
such as sudden cardiac death. One of the most common disease settings leading to sudden cardiac death is the acute coronary syndromes. Acute ischemia is marked by alterations in cell metabo-2. Connexins and electrical coupling lism, cell signaling, intercellular communication and electrical impulse propagation [2] . These changes produce a Normal electrical function of the heart requires current cascade of events that are adaptive in the sense that transfer from one cell to another at gap junctions. Gap mechanisms are activated to mitigate injury, forestall cell junction channels are formed by a family of proteins called death and isolate irreversibly injured myocytes from their connexins (Cx) [5] . Three individual connexins, Cx43, viable neighbors, but also maladaptive in that they can Cx40 and Cx45, are expressed in different amounts and create a substrate that supports the initiation and maintedistributions in different cardiac tissues [5] . Cx43, the most nance of malignant ventricular arrhythmias. Among the abundant connexin, is expressed in atrial and ventricular electrophysiologically relevant changes that occur rapidly muscle [6] . Cx40 expression is restricted to atrial muscle after the onset of ischemia are reductions in tissue pH, and the conduction system; little or no Cx40 is detected 1 21 increases in interstitial K and intracellular Ca conimmunohistochemically in working adult ventricular centrations and changes in active and passive membrane myocytes [7, 8] . Cx45 expression in the ventricle is concenproperties, all of which interact in a complex milieu to trated in the Purkinje system with only low levels exslow conduction, alter excitability and refractoriness, propressed in working ventricular myocytes [9] . Thus, Cx43 appears to be the principal gap junction protein responsible for electrically coupling working ventricular myocytes.
Although the evidence is still largely circumstantial, it is [17] , the Cx43 1 / 2 mouse appears to be a good model for likely that the number, size and spatial distribution of gap analysis of the role of altered coupling in the pathogenesis junctions are important determinants of impulse propagaof ventricular arrhythmias. tion in a functional syncytium. Functionally distinct cardiac tissues exhibit markedly different patterns of intercellular connections that can account for the different 4. Effects of diminished Cx43 expression on gap anisotropic conduction properties of specific cardiac tissues junction structure [10, 11] . For example, a typical canine left ventricular myocyte is physically connected by gap junctions to 11 or Myocytes of different cardiac tissues are interconnected 12 other myocytes in overlapping side-to-side and end-toby gap junctions that vary widely not only in terms of end orientations [10] . In contrast, myocytes of the canine spatial distribution but also in total amount [10, 11] . For crista terminalis are interconnected almost entirely in endexample, aggregate gap junction profile length per unit cell to-end fashion [10] , a pattern that undoubtedly contributes area measured in electron micrographs of myocytes of the to the greater anisotropy of conduction in the crista left ventricle and sinus node differ by more than 20-fold compared with the ventricle. Data such as these support the [11] . Despite the apparent importance of gap junction hypothesis that spatial differences in the expression of gap distribution as a determinant of conduction, little is known junction channel proteins have functional importance but about how specific patterns of intercellular connections are the specific contributions of altered cellular coupling to established or how the number and size of gap junctions conduction disturbances have been difficult to define are determined in different tissues of the heart. To gain rigorously because pathophysiological processes or exinsights into the relationship between the amount of a perimental interventions that diminish coupling also affect connexin expressed and the structure of gap junctions, we active membrane properties or cause remodeling of the analyzed Cx43 1 / 2 mice and asked whether the 50% extracellular matrix and / or conduction pathways.
reduction in Cx43 protein content in ventricular myocardium would result in fewer gap junctions, smaller gap junctions, both fewer and smaller gap junctions, or no 3. The Cx43 knockout mouse change in gap junction structure which might occur if there were a significant pool of intracellular Cx43. Using In 1995, Reaume et al. [12] produced a Cx43 knockout quantitative confocal microscopy, we measured the total mouse. Cx43 2 / 2 fetuses develop to term but die soon amount of Cx43 immunoreactive signal in gap junctions after birth due to obstruction of pulmonary blood flow (but not in potential intracellular pools) as well as the caused by a conotruncal malformation that arises from number and size of discrete clusters of immunoreactive altered intercellular coupling in cardiac neural crest cells.
signal which we defined operationally as individual gap Because Cx43 2 / 2 mice have a cardiac malformation and junctions. As shown in Table 1 , diminished Cx43 expressurvive for only a limited time, we have focused our sion in Cx43 1 / 2 mice caused a significant reduction in attention primarily on heterozygotes (Cx43 1 / 2) which total ventricular immunoreactive signal compared with show no overt abnormalities and live a normal life span.
Cx43 1 / 1 mice, consistent with the presence of one null However, Cx43 1 / 2 mice exhibit modest slowing of allele in the heterozygotes [18] . The difference in total ventricular conduction, consistent with their expression of Cx43 immunoreactive signal was attributable entirely to a |50% of the wildtype level of Cx43 [13, 14] . reduction in the number of gap junctions [18] . Mean gap Because of its small size, rapid sinus rate, and short junction size in ventricular myocytes was identical in Cx43 action potential duration compared with larger experimen-1 / 2 and 1 / 1 samples [18] . Thus, when faced with a tal animal and human hearts, the mouse heart has not been used widely in studies involving conduction and ar- Table 1 rhythmogenesis. Indeed, some investigators have expressed A general relationship appears to exist between the total amount of Cx43 expressed and the number of gap junctions formed. For example, we have shown previously that a |2-fold increase in Cx43 expression in cultured neonatal rat ventricular myocytes exposed to cAMP is associated with an increase in gap junction number and a 25-30% increase in conduction velocity [19] . More recently, we observed that application of pulsatile stretch to cultured neonatal rat ventricular myocytes also causes a 2-to 3-fold increase in Cx43 expression associated with a significant increase in both gap junction number and conduction velocity [20] . Taken together, these observations indicate that changes in the total amount of Cx43 expression on the order of a 50% reduction (in Cx43 1 / 2 mice) or a 2-fold increase (in cells exposed to cAMP or stretch) lead to 
Diminished intercellular coupling in the pathogenesis of arrhythmias induced by acute
60 min of normoxic perfusion. Aggressive electrical ischemia stimulation protocols involving single and multiple extrastimuli at coupling intervals near the effective refractory To gain insights into the role of diminished coupling in period repeatedly failed to induce either ventricular tachythe pathogenesis of ventricular arrhythmias induced by cardia (VT) or premature ventricular beats (PVBs) in any acute regional ischemia, we compared arrhythmogenesis in Cx43 1 / 2 or 1 / 1 hearts during this time, thus demonisolated perfused hearts from Cx43 1 / 2 and 1 / 1 mice strating that the preparations were electrically stable under in which acute regional ischemia was created by occlusion normoxic conditions [21] . In response to LAD occlusion, of the proximal left anterior descending (LAD) coronary however, spontaneous ventricular arrhythmias were obartery [21] . Control hearts of either genotype which did not served (Fig. 1) . undergo coronary occlusion remained in sinus rhythm, As shown in Fig. 2 , Cx43 1 / 2 hearts subjected to LAD contracted vigorously and exhibited no arrhythmias during occlusion exhibited marked increases in the incidence, locity. Otherwise, cardiac structure and function are normal. For example, echocardiographic measurement of left ventricular mass, wall thickness, internal chamber dimensions and percent fractional shortening are the same in Cx43 1 / 2 and 1 / 1 mice (unpublished observations). Histologically, Cx43 1 / 2 and 1 / 1 hearts are indistinguishable and there is no evidence of fibrosis or other changes in the extracellular matrix in Cx43 1 / 2 hearts [13, 14] . Furthermore, action potential morphology, peak 1 Na current and activation and inactivation kinetics, and 1 Na channel protein expression and distribution are the same in neonatal Cx43 2 / 2, 1 / 2 and 1 / 1 myocytes [22] . These observations suggest that the marked increase in arrhythmias in Cx43 1 / 2 mice following coronary structure or active membrane properties of myocytes.
Reprinted with permission from Ref. [21] .
Rather, our observations indicate that diminished coupling per se is a powerful independent determinant of arrhythfrequency and duration of VT compared with Cx43 1 / 1 mias induced by acute ischemia. hearts [21] . Of 16 hearts studied in each group, 12 Cx43
Two distinct phases of arrhythmias have been observed 1 / 2 and seven Cx43 1 / 1 had at least one run of either during acute ischemia in larger animal models although the spontaneous or pacing-induced VT. Eleven Cx43 1 / 2 same may not hold true in smaller animals. In pig hearts hearts developed multiple runs of VT compared with only subjected to acute ischemia, early onset (Type Ia) arrhythfive wildtype hearts (P,0.05). Four Cx43 1 / 2 hearts mias antecede electrical uncoupling, whereas a second exhibited nearly continuous bursts of VT with minimal wave of arrhythmias (Type Ib) occurs concomitant with intervening sinus rhythm compared with none of the uncoupling [23] . Because reentrant circuits in Type Ia wildtype hearts. Twelve Cx43 1 / 2 hearts developed at arrhythmias have an inner core size of several millimeters, least one run of sustained VT that lasted for .3 s, with these early arrhythmias may not occur frequently in hearts many persisting for .20 s. In contrast only four Cx43 of small mammals such as mice. We have observed some 1 / 1 hearts had one or more runs of sustained VT, with arrhythmias in mice early after the onset of coronary only one lasting longer than 20 s (P,0.01). Spontaneous occlusion but it is unknown whether these events were VT occurred in more than twice as many Cx43 1 / 2 as related to reentry or triggered activity. Most arrhythmias 1 / 1 hearts. Nine Cx43 1 / 2 hearts had multiple runs of observed in our studies were probably analogous to Type spontaneous VT compared with only one Cx43 1 / 1 heart Ib arrhythmias which occur concomitantly with electrical (P,0.01). Attempts to induce VT with pacing protocols at uncoupling in larger animals [23] . Although reentry is 30, 45 and 60 min following the onset of ischemia most likely, multiple mechanisms could contribute to produced VT in 11 Cx43 1 / 2 compared with only four arrhythmias induced by acute ischemia in Cx43 1 / 2 Cx43 1 / 1 hearts (P,0.01).
mice. A goal of future studies is to characterize spatial and The time of onset of the first spontaneous VT following temporal patterns of uncoupling in Cx43 1 / 2 and 1 / 1 LAD occlusion occurred significantly earlier in Cx43 1 / 2 mice and elucidate their relationship to specific arrhythmia hearts (P,0.05) (Fig. 3) . Of nine Cx43 1 / 2 hearts that mechanisms in acute regional ischemia. Among the unredeveloped spontaneous tachycardia, seven exhibited the solved questions to be addressed are: What is the time first run of VT within the first 12 min after coronary course of uncoupling induced by ischemia in the mouse occlusion. In contrast, spontaneous VT in any Cx43 1 / 1 ventricle? What critical level of uncoupling, if any, must heart did not occur until after 13 min of ischemia. Isolated be achieved before arrhythmias can arise? What are the PVBs were also significantly more abundant in Cx43 1 / 2 specific contributions of diminished coupling to reentry hearts and occurred significantly earlier than in Cx43 1 / 1 and triggered activity in the setting of acute ischemia? hearts. During the initial 10 min of ischemia, the first PVB The greater number and earlier onset of PVBs in Cx43 was observed in 11 Cx43 1 / 2 hearts compared with only 1 / 2 mice following coronary artery occlusion suggest five Cx43 1 / 1 hearts (P,0.05).
potential links between changes in coupling and development and propagation of PVBs. Saiz et al. [24] showed in a modeling study that a specific degree of uncoupling 6. Uncoupling and mechanisms of arrhythmias could prolong repolarization and promote the generation of during acute ischemia early afterdepolarizations and, thereby, allow for a critical rise in membrane potential to achieve transfer of the The cardiac phenotype in Cx43 1 / 2 mice appears to be impulse to the surrounding tissue. Our findings of inlimited to modest slowing of ventricular conduction vecreased PVBs in Cx43 1 / 2 hearts is consistent with the results of these computer models and provides experimenOther mechanisms could also promote uncoupling, howtal evidence potentially linking alterations in coupling with ever, and contribute to the development of conduction the generation and propagation of triggered beats.
abnormalities and arrhythmias. Like many of the connexBiochemical mechanisms mediating uncoupling during ins, Cx43 is a phosphoprotein and changes in its phosischemia are undoubtedly related to multiple phorylation can affect channel properties and connexin pathophysiological processes including progressive inturnover dynamics [27] [28] [29] [30] . Because acute ischemia may [25, 26] .
we performed studies to test the hypothesis that electrical uncoupling induced by myocardial ischemia is mediated, at least in part, by alterations in phosphorylation of Cx43. We subjected isolated perfused rat hearts to global ischemia for up to 40 min. Changes in electrical coupling were monitored during this interval by measuring whole tissue resistance and changes in the amount and distribution of phosphorylated and non-phosphorylated isoforms of Cx43 were measured by immunoblotting and confocal microscopy using isoform-specific antibodies [32] . We observed that virtually all Cx43 identified immunohistochemically at intercellular junctions is phosphorylated under control conditions [32] . During ischemia, however, Cx43 underwent progressive dephosphorylation with a time course similar to that of electrical uncoupling (Fig. 4) . Although the total amount of Cx43 did not change (Fig. 4) , there was a progressive reduction in total Cx43 immunofluorescent signal and concomitant accumulation of nonphosphorylated Cx43 signal at sites of intercellular junctions (Fig. 5) . These observations suggest that uncoupling induced by ischemia is associated with dephosphorylation of Cx43, accumulation of nonphosphorylated Cx43 within gap junctions, and translocation of Cx43 from gap junctions into intracellular pools [32] . Further studies will be required to define the pathophysiological relationship between changes in phosphorylation at specific amino acid residues of Cx43 and uncoupling, and the potential effects of modulating Cx43 phosphorylation on the development of arrhythmias during ischemia. . Representative confocal images of sections of rat left ventricles subjected to selected intervals of ischemia and immunostained with either a polyclonal rabbit antibody that recognizes both phosphorylated and nonphosphorylated isoforms of Cx43 or a monoclonal anti-Cx43 antibody that binds selectively to nonphosphorylated Cx43. In control samples (0 min of ischemia), abundant immunoreactive signal is concentrated in discrete spots of intercellular apposition in sections stained with the polyclonal antibody but virtually no signal is present in sections stained with the mouse monoclonal antibody. Thus, most of the immunoreactive signal in gap junctions appears to be phosphorylated Cx43. With increasing intervals of ischemia, there is progressive loss of immunoreactive signal produced by the polyclonal antibody with a corresponding increase in signal observed with the monoclonal antibody. Because the relative titers and binding affinities of the two anti-Cx43 antibodies are not known, it is not possible to directly compare the amounts of phosphorylated and nonphosphorylated Cx43 in gap junctions during ischemia. However, these results indicate that during uncoupling, nonphosphorylated Cx43 accumulates in sites of intercellular apposition while at the same time the amount of total Cx43 (phosphorylated and nonphosphorylated) in gap junctions is progressively reduced. Reprinted with permission from Ref. [32] .
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